Geomicrobiology objectives
Asteroid and comet impacts are known to cause severe disruption to surface biota, as is the case for Chicxulub, but what is their effect on the present and ancient deep biosphere, where a large proportion of the Earth's biomass resides?
Present biosphere
One of the objectives of sampling the core during Expedition 364 was to determine the present-day abundance and diversity of the subsurface biosphere that allows comparisons to the relatively well characterized deep marine sediment biosphere . Specific objectives were to (1) determine biomass with depth, (2) attempt cultivation of microbial taxa through the core, and (3) extract DNA to study the identity and diversity of the microbial community throughout the core.
Impacts can fracture rocks, increasing their porosity and permeability. For example, it has been demonstrated that the effects of high shock pressures on gneissic rocks in the 24 km diameter Haughton crater in the Canadian Arctic have made them more porous and translucent and therefore more colonizable by cyanobacteria (Cockell et al., 2002) . Drilling of the Chesapeake Bay impact crater has shown a deep region of impact-fractured rocks (Cockell et al., 2012) where microbial abundance considerably increases in a region of the core that exhibits evidence for elevated temperatures. This finding suggests that once the impact-induced hydrothermal system cooled, conditions improved to support deep subsurface recolonization.
The brecciated regions within impact craters are of particular interest. Heavily fractured, brecciated rock is likely to improve fluid flow and the availability of nutrients and redox couples to microbiota. The geochemical diversity of different rocks shattered and mixed within the breccia layer will also increase the potential for diverse geochemical gradients, which are known to be beneficial for microorganisms in the deep biosphere (Roussel et al., 2008) .
Finally, the geomicrobiology results at Chicxulub have astrobiological significance, such as understanding the effect of impacts on habitats for early life on Earth, when the impact flux was much higher than today, and the effect of impacts on the habitability of the Martian deep subsurface.
Ancient biosphere
Another objective is to study the ancient deep biosphere within the recovered core. The current state of knowledge is that ancient planktic DNA can be recovered from sediments as old as 270,000 y and successfully used for ecosystem reconstructions (Coolen and Overmann, 2007; Randlett et al., 2014) . The majority of DNA in the marine sedimentary record was reported to be extracellular (Corinaldesi et al., 2008) and protected against microbial enzymatic attack through mineral adsorption. Mineral adsorption also prevents vertical migration, so this pool of immobilized DNA can be used for stratigraphic analysis (Coolen et al., 2006) . Low-energy availability and subsequent ultraslow growth of microbial communities in the deep biosphere could further aid the preservation of DNA through deep time. However, it remains unknown to what extent ancient plankton DNA can be recovered from the deep biosphere and
whether it is of use for deep-time ecosystem reconstructions, notably across the major extinction events. For this project, we will explore to what extent ancient planktic DNA can be recovered from the post-impact sedimentary rocks overlying the Chicxulub impact crater and whether this DNA is suitable for study of post-impact recovery and development of marine life. In addition, we will explore to what extent bacteria and/or archaea in the post-impact sedimentary rock record can provide information about post-impact environmental and depositional conditions (e.g., sea-surface temperature and salinity, as well as sea level changes), based on the assumption that a substantial part of the microbiota in the deep biosphere was originally seeded from the ancient water column above . Subsurface microbes that became energy limited upon burial but remained capable of staying alive (e.g., through DNA repair; Hoehler and Jorgensen, 2013) must have evolved slowly due to growth limitations (Orsi et al., 2013) and are hence expected to show a high degree of taxonomic similarity to microbes found in similar environments today. For example, this hypothesis may explain why the microbial diversity in a 20 My old coal deposit buried underneath 2.5 km of marine sediments still resembled microbial taxa typically found in modern forest soils (Inagaki et al., 2015) .
Depositional paleoenvironment associated with the ancient biosphere
Another goal is to study biomarkers to investigate life and environmental conditions within the post-impact ocean. Biomarker or molecular fossils are organic compounds of biosynthetic origin and can be preserved in geological records for hundreds of millions of years. The composition of the fossil biomarkers can reveal information about ancient biodiversity and complement stable isotopic data in establishing the paleoenvironmental conditions that prevailed at the time of deposition such as trophic status, euxinia, ocean acidification, changes in hydrological balance, and atmospheric CO 2 concentrations Brocks and Summons, 2014; Whiteside and Grice, 2016) . Lipid biomarkers originate from all three domains of microbial life: eukaryotes, bacteria, and archaea Brocks and Summons, 2014; Grice and Brocks, 2011; Grice and Eiserbeck, 2014; Peters et al., 2004; Whiteside and Grice, 2016) . Their chemical structure can be related directly or indirectly to biological precursors and can be specific or nonspecific in terms of source organisms . For example, the paired analysis of more recalcitrant lipid biomarkers could reveal whether life was present in the past if the more labile nucleic acids and/or microbial cells are below the detection limit.
In summary, the following research questions will be addressed in postexpedition research concerning the ancient biosphere and associated paleoenvironmental conditions:
• What is the developmental history of planktic taxa and associated biomarkers in the post-impact ocean basin? • To what extent does the taxonomic and functional diversity of possibly slow-evolving subsurface bacteria correlate with changes in paleoenvironmental conditions or assist in the reconstruction of the paleodepositional environment?
Drilling fluid contaminants
The aforementioned microbiology goals for Expedition 364 will be carried out postexpedition. Reported here are the cell counts completed within the drilling fluid samples that were collected alongside samples used for scientific analysis (Smith et al., 2000a (Smith et al., , 2000b . The purpose was to allow for the enumeration and anaerobic cultivation of contaminant microbes in the drilling fluid and the extraction of nucleic acids from drilling fluid to compare to interior nucleic acid samples. Figure F1 shows the cell count in the drilling fluid throughout the cored interval of Expedition 364, which can be compared with cell counts within the microbiology samples. Figure F1 . Microbial enumerations determined in drilling fluid from outside the core during drilling operations, Hole M0077A. Microbial numbers reflect cell abundances in sea water and/or growth of cells in the additives that are mixed with seawater to produce the drilling fluid. Gray box = data range of counts taken within Expedition 364 samples. See Microbiology in the Expedition 364 methods chapter (Gulick et al., 2017) for sample preservation. 1 × 10 -6 1 × 10 -7 1 × 10 -8
